SF  298  MASTER  COPY 


KEEP  THIS  COPY  FOR  REPRODUCTION  PURPOSES 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  NO.  0704-0188 


Public  reporting  burcen  for  this  collection  of  information  ts  estimated  to  average  l  hour  per  response,  including  the  time  lor  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comment  regarding  this  burden  estimates  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  tor  reducing  this  burden,  to  Washington  Headquarters  Services.  Directorate  for  information  Operations  and  Reports.  121£  Jefferson 
Davis  Highway.  Suite  1204,  Arlington,  VA  22202-4302.  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0189).  Washington.  DC  20503. 


1,  AGENCY  USE  ONLY  (Leave  blank)  I  2.  REPORT  DATE 


4.  TITLE  AND  SUBTITLE 

Epistatic  interactions  between  smell-impaired  loci 
n  Drosophila  melanogaster 


6.  AUTHOR(S) 


3.  REPORT  TYPE  AND  DATES  COVERED 

Reprint 


5.  FUNDING  NUMBERS 


j.  M.  Fedorowicz,  J.  D.  Fry,  R.  R.  H.  Anholt  and  T.  F.  C.  Mackay 


7.  PERFORMING  ORGANIZATION  NAMES(S)  AND  ADDRESS(ES) 

Departments  of  Zoology  and  Genetics 
North  Carolina  State  University 
Raleigh,  NC  27695-7617 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9-  SPONSORING  /  MONITORING  AGENCY  NAME{S)  AND  ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.Box  12211 

Re.search  Triangle  ParJc.'NC  27709-221 1 


11.  SUPPLEMENTARY  NOTES 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


A-fCo  Y-lS 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be  construed  as 
an  official  Department  of  the  Army  position,  policy  or  clecision,  unless  so  designated  by  other  documentation. 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Maximum  200  words) 

Odor-guided  behavior  is  a  polygenic  trait  determined  by  the  concerted  expression  ot  multiple  loci. 
Previously,  P-element  mutagenesis  was  used  to  identify  single  PflArB]  insertions,  in  a  common  isogenic 
background,  with  homozvgous  effects  on  olfactoiy  behavior.  Here,  we  have  crossed  12  lines  with  these 
smell  impaired  (smi)  mutations  in  a  half-diallel  design  (excluding  homozygous  parental  genotypes  and 
reciprocal  crosses)  to  produce  all  possible  66  doubly  heterozygous  hybrids  with  P[lArB]  insertions  at  two 
distinct  locations.  The  olfactoiy  behavior  of  the  transheterozygous  progeny  was  measured  using  an  assay 
that  quantified  the  avoidance  response  to  the  repellent  odorant  benzaldehyde.  There  was  significant 
variation  in  general  combining  abilities  of  avoidance  scores  among  the  smi  mutants,  indicating  variation 
in  heterozvgous  effects.  Further,  there  ^\’a.s  significant  variation  among  specific  combining  abilities  ol  each 
cross,  indicating  dependencies  of  heterozygous  effects  on  tlie  smiloens  genotypes,  i.e.,  epistasis.  Significant 
epistatic  interactions  were  identified  for  nine  transheterozygote  genotypes,  involving  10  of  the  12  .9w/loci. 
Eight  of  these  loci  form  an  interacting  ensemble  of  genes  that  modulate  expression  of  the  behavioral 
phenotype.  These  ob.senations  illustrate  the  power  of  quantitative’ genetic  analyses  to  detect  subtle  pheno- 
tvpic  effects  and  point  to  an  extensive  network  of  epistatic  interactions  among  genes  in  the  olfactoiy 
substenon^.  "  ' 


14.  SUBJECT  TERMS 


odor-guided  behavior,  olfaction,  neurogenetics,  functional  genomics, 
mine  detection,  biomimetics 


15.  NUMBER  IF  PAGES 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 
OR  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

UNCLASSIFIED  UNCLASSIFIED  UNCLASSIFIED  UL 


NSN  7540-01-280-5500 


DnC  QUALITY  IKSPSCTED  3 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  239-18 
298-102 


.  Copyright  ©  1998  by  the  Genetics  Society  of  America 


Epistatic  Interactions  Between  smell-impaired  Loci  in  Drosophila  melatwgaster 

Gratyna  M.  Fedorowicz,*’^  James  D.  Fry,^’^  Robert  R.  H.  Anholt*  and  Trudy  F.  C.  Mackay^ 

Departments  of  ^Zoology  and  "^Genetics,  North  Carolina  State  University,  Raleigh,  North  Carolina  27695-7614 

Manuscript  received  July  14,  1997 
Accepted  for  publication  January  5,  1998 

ABSTRACT 

Odor-guided  behavior  is  a  polygenic  trait  determined  by  the  concerted  expression  of  multiple  loci. 
Previously,  P-element  mutagenesis  was  used  to  identify  single  P[lArB]  insertions,  in  a  common  isogenic 
background,  with  homozygous  effects  on  olfactory  behavior.  Here,  we  have  crossed  12  lines  with  these 
smell  impaired  {smi)  mutations  in  a  half-diallel  design  (excluding  homozygous  parental  genotypes  and 
reciprocal  crosses)  to  produce  all  possible  66  doubly  heterozygous  hybrids  with  PflArB]  insertions  at  two 
distinct  locations.  The  olfactory  behavior  of  the  transheterozygous  progeny  was  measured  using  an  assay 
that  quantified  the  avoidance  response  to  the  repellent  odorant  benzaldehyde.  There  was  significant 
variation  in  general  combining  abilities  of  avoidance  scores  among  the  smi  mutants,  indicating  variation 
in  heterozygous  effects.  Further,  there  was  significant  variation  among  specific  combining  abilities  of  each 
cross,  indicating  dependencies  of  heterozygous  effects  on  the  5wHocus  genotypes,  i.e.,  epistasis.  Significant 
epistatic  interactions  were  identified  for  nine  transheterozygote  genotypes,  involving  10  of  the  12  smi  loci. 

Eight  of  these  loci  form  an  interacting  ensemble  of  genes  that  modulate  expression  of  the  behavioral 
phenotype.  These  observations  illustrate  the  power  of  quantitative  genetic  analyses  to  detect  subtle  pheno¬ 
typic  effects  and  point  to  an  extensive  network  of  epistatic  interactions  among  genes  in  the  olfactory 
subgenome. 


The  fundamental  goal  of  quantitative  genetics  is  to 
understand  how  complex  traits  are  shaped  through 
the  interactions  of  multiple  genes  in  different  genetic 
backgrounds  and  under  varying  environmental  condi¬ 
tions.  Perhaps  the  most  complex  category  of  polygenic 
traits  is  represented  by  various  forms  of  animal  behavior. 
Drosophila  melanogaster^re:%m\s  an  ideal  model  system  to 
study  the  genetic  basis  of  behavioral  quantitative  traits, 
because  mutations  in  highly  inbred  strains  can  be  easily 
generated,  allowing  control  over  the  segregation  of 
many  individual  loci  that  contribute  to  the  trait  and 
enabling  the  effect  of  each  locus  to  be  studied  indepen¬ 
dently.  We  have  used  odor-guided  behavior  in  D.  melano- 
gaster2i^  a  model  system  to  study  the  quantitative  genetics 
of  behavior. 

Odor-guided  behavior  is  of  special  interest,  because 
the  ability  of  an  organism  to  respond  to  chemical  signals 
from  its  environment  is  essential  for  its  survival  and, 
often,  its  procreation.  Thus,  olfactory  behavior  contrib¬ 
utes  to  individual  fitness  (Mackay  et  al.  1996).  In  recent 
years,  considerable  progress  has  been  made  in  elucidat¬ 
ing  the  molecular  mechanisms  that  underlie  odor  recog¬ 
nition,  olfactory  transduction,  and  neural  coding  of  ol¬ 
factory  information  both  in  vertebrates  (reviewed  by 
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Anholt  1993;  Axel  1995;  Buck  1996)  and  in  invertebrate 
model  systems,  such  as  Caenorhabditis  elegans  (Troemel 
et  al.  1996;  Sengupta  et  al.  1996)  and  lobster  (Fadool 
and  Ache  1992) .  However,  the  genetic  basis  of  variation 
in  olfactory  responsiveness  and  the  genetic  mechanisms 
that  shape  behavioral  responses  to  odorants  are  still 
poorly  understood. 

Chemical  mutagenesis  has  been  used  to  induce  muta¬ 
tions  affecting  olfactory  behavior  in  D.  melanogaster, 
mostly  on  the  X  chromosome  (Rodrigues  and  Siddiqi 
1978;  Aceves-Pina  and  Quinn  1979;  Helfand  and 
Carlson  1989;  Lilly  and  Carlson  1989;  McKenna  et 
al  1989;  Ayer  and  Carlson  1992;  Woodard  et  al  1992; 
Lilly  et  al  1994a,b).  This  resulted  in  the  characteriza¬ 
tion  of  a  number  of  genes  that  encode  proteins  likely 
to  participate  in  olfactory  signal  transduction  in  Dro¬ 
sophila,  such  as  smellblind  (an  allele  of  paralytic) ,  which 
encodes  a  voltage-gated  sodium  channel  (Rodrigues 
and  Siddiqi  1978;  Aceves-Pina  and  Quinn  1979;  Lilly 
and  Carlson  1989;  Lilly  et  al  1994a, b),  norpA,  which 
encodes  a  phospholipase  C  (Woodard  et  al  1992;  Riesgo- 
Escovar  et  al.  1995),  and  rdgB,  which  encodes  a  phos¬ 
phatidyl  inositol  transfer  protein  (Vihtelic  et  al  1993). 
Although  mutations  in  any  of  these  genes  cause  exten¬ 
sive  impairment  of  olfactory  behavior,  it  is  not  clear  how 
these  genes  contribute  quantitatively  to  variation  in  olfac¬ 
tory  responsiveness  and  how  they  function  in  the  context 
of  the  genetic  background,  ie.,  the  entire  olfactory  subgen¬ 
ome.  Recently,  we  have  identified  14  loci  that  contribute 
to  olfactory  behavior  by  P-element  insertional  mutagenesis 
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in  an  isogenic  strain  (Anholt  et  al  1996).  Identification 
of  these  loci,  designated  smell  impaired  {smi)^  was  achieved 
using  statistical  and  quantitative  genetic  analysis  of  mea¬ 
surements  of  olfactory  behavior.  These  analyses  are  capa¬ 
ble  of  detecting  small  phenotypic  eflfects  with  a  resolution 
limited  only  by  sample  size. 

As  the  smi  loci  have  similar  phenotypes,  they  are  likely 
to  be  functionally  related  and  participate  in  common  phys¬ 
iological  and/or  developmental  pathways  that  shape  olfac¬ 
tory  responsiveness.  One  genetic  method  for  identifying 
and  ordering  genes  in  functionally  interacting  groups 
is  to  screen  for  mutations  at  unlinked  loci  that  enhance 
or  suppress  the  mutant  effects  of  a  known  member  of 
the  pathway  (Garcia- Belli  do  1981).  Epistatic  interac¬ 
tions  beUveen  such  genes  can  be  deduced  by  examining 
the  phenotypes  of  the  one-  and  two-locus  genotypes. 
For  independent  loci,  the  phenotypes  of  the  two-locus 
genotypes  are  the  sum  of  the  single-locus  phenotypes; 
i.e.,  the  loci  act  additively.  Departures  from  strict  additivity 
indicate  epistatic,  or  interacting,  loci.  A  simple  test  for 
interaction  that  can  be  used  for  recessive  mutations 
with  large,  qualitative  effects  that  have  similar  loss-of- 
function  phenotypes  and  that  therefore  affect  a  com¬ 
mon  process,  is  to  examine  the  phenotypes  of  double 
mutant  heterozygotes.  Epistasis  is  evident  when  the  dou¬ 
ble  heterozygote  has  the  same  loss-of-function  pheno¬ 
type  as  the  single  homozygous  mutations  as  a  result  of 
combined  haploinsufficiency  of  function.  This  approach 
and  variants  of  it  have  been  used  to  identify  epistatic 
interactions  and  to  identify  new  loci  that  modify  mutant 
phenotypes  of  other  loci  (Botas  et  al  1982;  Belote  et  al 
1985;  Kennison  and  Russell  1987;  Homyk  and  Emerson 
1988;  Tricoire  1988;  Dambly-Chaudiere  et  al  1988). 

Detecting  interactions  between  mutations  with  quanti¬ 
tative  effects  is  more  difficult,  because  the  mutations 
are  not  usually  completely  recessive  (Mackay  et  al  1992; 
Lyman  et  al  1996).  Further,  the  background  genotype 
needs  to  be  controlled  to  enable  small  phenotypic  ef¬ 
fects  to  be  perceived  and  to  ensure  any  interactions  are 
due  to  epistasis  between  the  mutations  of  interest,  and 
are  not  confounding  nonadditive  interactions  among 
alleles  segregating  between  the  background  genotypes 
in  which  the  mutations  were  induced.  The  mutations 
are  in  a  common  isogenic  background  and  therefore 
can  be  used  to  detect  epistasis.  We  have  generated  all 
possible  double  heterozygous  hybrids  among  12  inde¬ 
pendent  me  mutations  that  appear  amenable  to  molecu¬ 
lar  characterization  in  a  diallel  cross  design  (Griffing 
1956),  which  is  the  quantitative  genetic  analogue  of  the 
transheterozygote  test  for  epistasis.  This  approach  is 
based  on  the  assumption  that  reduced  expression  of 
tw^o  independent  Pf/Ar^y-tagged  smi  genes  in  double 
heterozygotic  offspring  may  result  in  quantitative  failure 
to  complement  (Mackay  and  Fry  1996;  Long  et  al 
1996)  if  these  genes  interact. 

Significant  epistatic  interactions  were  identified  for 
nine  transheterozygote  genotypes,  involving  10  of  the 


12  loci.  Interactions  between  eight  of  these  loci  show 
evidence  of  a  web  of  mutually  interactive  genes,  the 
coordinated  expression  of  which  modulates  the  behav¬ 
ioral  phenotype.  These  findings  illustrate  the  power  of 
quantitative  genetic  analyses  to  detect  subtle  phenotypic 
effects  and  indicate  that  phenotypic  determination  of 
odor-guided  behavior  in  D.  melanogasterd^^mds  quanti¬ 
tatively  on  an  extensive  network  of  genetic  interactions. 

MATERIALS  AND  METHODS 

Generation  of  transheterozygous  P[lArB]  insert  lines:  The 

parental  lines  used  to  generate  double  mutant  heterozygotes 
were  12  homozygous  mdines  obtained  by  P-element  mutagen¬ 
esis  of  the  isogenic  Samarkand;  strain:  smi21F,  smi26D,  smi27E, 
smi28E,  smi35A,  smi45E,  smi51A,  smi60E,  smi61A,  smi65A,  smi97B, 
and  smi98B  (Anholt  et  al  1996).  The  mutations  were  named 
according  to  the  cytological  insertion  sites  of  the  P  elements. 
The  12  5WZ  lines  were  crossed  in  a  half-diallel  design  (excluding 
homozygous  parental  lines  and  reciprocal  crosses)  to  produce 
all  66  possible  combinations  of  F]  transheterozygous  offspring 
with  two  P  elements  at  different  loci.  Crosses  were  initiated 
at  a  density  of  five  females  of  smi  line  i  and  five  males  of  smi 
line  j  (i  ^  j)  in  plastic  culture  vials.  All  animals  were  reared 
at  25°  on  agar-yeast-molasses  medium. 

Behavioral  assay:  To  quantify  odor-guided  behavior  we  used 
the  simple,  rapid,  and  highly  reproducible  “dipstick”  assay, 
described  previously  (Anholt  et  al  1996).  This  assay  was  cho¬ 
sen  because  it  has  several  advantages  over  other  commonly 
used  assays.  The  Y-maze  assay,  developed  by  Rodrigues  and 
SiDDiQi  (1978) ,  is  better  suited  for  measurements  of  attraction 
and  odor  discrimination  than  repulsion  and  is  laborious  for 
large  behavioral  screens.  The  olfactory  jump  assay,  described 
by  McKenna  et  al  (1989) ,  was  in  our  hands  unreliable,  because 
in  contrast  to  Canton-S  flies  for  which  this  assay  was  developed, 
flies  of  both  our  inbred  Samarkand  strain  and  of  substitution 
lines  containing  chromosomes  from  natural  populations 
(Mackay  et  al  1996)  seldom  jumped  in  response  to  repellent 
odorants.  The  “dipstick  assay”  used  in  this  study  and  in  previ¬ 
ous  studies  (Anholt  et  al  1996;  Mackay  et  al  1996)  is  a  simple, 
rapid,  and  highly  reproducible  statistical  sampling  assay  that 
quantifies  odor-guided  behavior  with  a  resolution  limited  only 
by  sample  size  and,  hence,  can  detect  subtle  olfactory  impair¬ 
ments  (Anholt  et  al  1996).  Previously,  this  assay  has  led  to 
the  identification  of  14  novel  smi  loci.  In  addition,  known 
mutants,  such  as  smellblind  (Rodrigues  and  Siddiqi  1978; 
Aceves-Pina  and  Quinn  1979;  Lilly  and  Carlson  1989; 
Lilly  et  al  1994a,b),  are  immediately  apparent  and  readily 
quantifiable  in  this  assay  (Anholt  et  al  1996). 

After  2-4  hr  of  starvation,  2-10-day  post-eclosion  transhet¬ 
erozygous  progeny  were  tested  for  responsiveness  to  benzalde- 
hyde,  a  repellent  odorant,  exactly  as  described  by  Anholt  et 
al  (1996).  Briefly,  one  replicate  assay  consisted  of  a  single¬ 
sex  group  of  five  individuals  in  a  test  vial.  The  animals  were 
exposed  to  1%  benzaldehyde  (v/v)  introduced  on  a  cotton 
wool  swab,  and  the  number  of  flies  migrating  to  a  compart¬ 
ment  remote  from  the  odor  source  was  measured  at  5-sec 
intervals,  from  15  to  60  sec  after  introduction  of  the  odor 
source.  The  “avoidance  score”  of  the  replicate  is  the  average 
of  these  10  counts,  giving  a  possible  range  of  avoidance  scores 
between  0  (all  flies  in  the  compartment  near  the  odor  source 
for  the  entire  assay  period)  and  5  (all  flies  in  the  compartment 
away  from  the  odor  source  for  the  entire  assay  period).  For 
each  of  the  66  crosses,  10  replicate  avoidance  score  estimates 
were  obtained  for  each  sex,  for  a  total  of  20  replicates  (100 
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individual  flies)  per  double  heterozygote  genotype,  and  a  total 
sample  size  of  6600  animals. 

Statistical  analyses:  The  avoidance  scores  of  transheterozy- 
gous  genotypes  were  analyzed  by  two-way  analysis  of  variance 
(ANOVA),  with  Genotype  and  Sex  the  fixed  cross-classified 
main  effects.  Sums  of  squares  were  partitioned  into  sources 
(degrees  of  freedom)  attributable  to  Genotype  (65),  Sex  (1), 
Genotype  X  Sex  interaction  (65),  and  Error  (1188).  As  this 
is  a  fixed  effects  model,  the  error  mean  square  was  used  as 
the  denominator  for  all  Fratio  tests  of  significance.  To  analyze 
epistatic  effects  between  ^TTzzloci,  we  could  not  simply  compare 
the  responses  of  double  heterozygotes  with  the  single  heterozy¬ 
gotes  of  smi  lines  with  Sam,  because  the  effect  of  PflArB]  insert 
copy  number  (2  vs.  1)  could  be  confounding.  Rather,  the 
correct  control  for  this  analysis  is  measurement  of  the  devia¬ 
tion  from  the  average  of  all  other  transheterozygotes  with  the 
tw^o  single  inserts  being  compared.  Thus,  the  general  combin¬ 
ing  ability  ( GCA)  of  a  mutation  is  its  average  avoidance  score 
as  a  transheterozygote  with  all  other  mutations,  expressed  as 
the  deviation  from  the  overall  mean  (Sprague  and  Tatum 
1942),  and  is  an  estimate  of  the  average  heterozygous  effect 
of  the  mutation  relative  to  the  heterozygous  effects  of  the 
other  mutations.  The  specific  combining  ability  (SCA)  of  a 
transheterozygous  genotype  is  the  difference  between  the  ob¬ 
served  avoidance  score  of  the  genotype,  Xy  (where  i  and  j 
denote  two  different  smi  mutations),  and  the  score  expected 
from  the  sum  of  the  corresponding  GCAs  of  mutants  i  and  j. 
The  sums  of  squares  due  to  Genotype  and  Genotype  X  Sex 
were  further  partitioned  into  sources  of  variation  (degrees  of 
freedom)  attributable  to  GCA  (11),  5CA  (54 j,  GCA  X  Sex 
(11),  and  5CA  X  Sex  (54).  SC  A  effects  are  due  to  variation 
in  heterozygous  effects  that  depend  on  the  genetic  back¬ 
ground  wth  respect  to  other  smi  mutations  and  can  only  be 
caused  by  epistatic  interactions. 

This  fixed  effects  half-diallel  corresponds  to  Method  4, 
Model  I  of  Griffing  (1956).  Consequently,  the  GCA  for  each 
smi  mutant  was  estimated  as 

GCA,  =  T,/(n  -  2)  -  ^T/n{n  -  2)  (1) 

where  7]  is  the  sum  of  mean  avoidance  score  values  (averaged 
over  all  replicates)  of  heterozygotes  with  the  zth  mutation, 
ET  is  twice  the  sum  of  mean  avoidance  score  values  of  all 
heterozygotes,  and  n  is  the  number  of  mutant  lines  (see  also 
Falconer  and  Mackay  1996).  The  SCA  effects  were  com¬ 
puted  using  the  method  of  Griffing  (1956)  for  each  heterozy¬ 
gous  genotype  as 

SCAy  =  Xy  -  (7^-  +  7^)/(n  -  2)  +  ^T/{n  -l){n-  2).  (2) 

The  significance  of  the  overall  GCA,  SCA,  GCA  X  Sex,  and 
5CA  X  Sex  effects  was  tested  using  an  F  variance  ratio  test 
statistic  with  the  error  mean  square  as  the  denominator.  Stan¬ 
dard  errors  of  individual  GCA  and  SCA  effects  were  computed 
according  to  the  formulae  given  by  Griffing  (1956) .  Analyses 
of  variance  and  tests  of  significance  were  calculated  using  SAS 
procedures  (SAS  Institute,  Inc.  1988),  and  GCA  and  SCA 
sums  of  squares  were  computed  using  the  diallel  cross  analysis 
program  of  Schaffer  and  Usanis  (1969). 


RESULTS  AND  DISCUSSION 

The  effects  of  12  P-element  insertional  mutations  with 
homozygous  effects  on  olfactory  behavior  were  evalu¬ 
ated  in  all  possible  double  heterozygote  combinations, 
in  a  half-diallel  design.  The  mean  avoidance  responses 
to  benzaldehyde,  averaged  over  sexes,  are  shown  for 
each  of  the  66  transheterozygote  genotypes  in  Table  1. 
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TABLE  2 


Analysis  of  variance  of  avoidance  responses  to 
benzaldehyde  of  transheterozygous  smi  lines 


Source 

d.f 

SS 

F 

P 

Genotype 

65 

110.917 

3.82 

0.0001 

Sex 

1 

4.983 

11.15 

0.0009 

Genotype  X  Sex 

65 

32.493 

1.12 

0.2457 

Error 

1188 

530.695 

The  analysis  of  variance  of  these  data  is  given  in  Table 
2.  The  differences  in  mean  avoidance  responses  among 
the  heterozygous  genotypes  were  highly  significant  (P  = 
0.0001),  There  was  also  significant  sexual  dimorphism 
in  avoidance  response  to  benzaldehyde,  averaged  over 
all  genot)^es  (P  =  0.0009) ,  with  a  mean  male  avoidance 
score  of  4.1  and  a  mean  female  score  of  3.9,  Sexual 
dimorphism  for  olfactory  avoidance  response  has  been 
observed  previously  for  homozygous  P-element  inser- 
tional  mutations  (Anholt  et  al  1996)  and  among  a 
sample  of  isogenic  X  and  third  chromosomes  extracted 
from  a  natural  population  and  substituted  into  the  same 
inbred  strain  used  for  P-element  mutagenesis  (Mackay 
et  al  1996).  Interestingly,  both  the  homozygous  P-ele- 
ment  insertions  and  the  naturally  occurring  alleles  af¬ 
fecting  olfactory  behavior  had  very  large  genotype  X  sex 
interaction  effects,  indicating  that  there  was  variation  in 
the  magnitude  of  the  sex  dimorphism  of  effects  among 
the  homozygous  genotypes.  However,  the  genotype  X 
sex  interaction  was  not  significant  for  the  double  hetero¬ 
zygote  genotypes;  therefore,  the  sex-specific  effects  ob- 
sen^ed  previously  are  on  average  recessive. 

Variation  among  the  transheterozygous  genotypes 
can  arise  from  two  sources:  variation  in  mean  heterozy¬ 
gous  effects  of  the  different  mutations,  and  variation 
from  epistatic  interactions.  Because  all  P-element  inser¬ 
tions  are  in  the  same  inbred  strain,  all  genetic  variation 
among  the  genotypes  is  attributable  to  one  of  these  two 
sources,  with  no  confounding  effects  contributed  by 
the  background  genotype.  Classical  diallel  cross  analysis 
enables  us  to  separate  heterozygous  from  epistatic  ef¬ 
fects  by  partitioning  the  variation  among  double  hetero¬ 
zygous  genotypes  into  their  general  ( GCA)  and  specific 
(5CA)  combining  abilities.  As  mentioned  above,  the 
GCA  of  a  mutation  is  an  estimate  of  its  mean  heterozy¬ 
gous  effect  in  the  background  of  each  of  the  other 
mutations.  Estimates  of  the  GCA  of  each  smi  mutation, 
expressed  as  deviations  from  the  overall  mean  of  the 
population  of  heterozygous  genotypes,  are  given  in  Ta¬ 
ble  1.  For  comparison,  also  given  in  Table  1  are  the 
mean  avoidance  scores  of  each  smi  mutation,  at  the 
same  concentration  of  odorant  used  to  assess  trans¬ 
heterozygote  olfactory  behavior  {HOM;  Anholt  et  al 
1996).  All  homozygous  smi  mutations  have  reduced 
avoidance  scores  relative  to  the  transheterozygotes. 


TABLE  3 


Analysis  of  variance  of  general  and  specific  combining 
abilities  of  transheterozygous  smi  lines 


Source 

d.f. 

SS 

F 

P 

Sex 

1 

4.983 

11.15 

0.0009 

GCA 

11 

71.189 

14.49 

<0.0001 

SCA 

54 

39.728 

1.65 

0.0025 

GCA  X  Sex 

11 

2.711 

0.55 

0.87 

5CA  X  Sex 

54 

29.782 

1.23 

0.13 

Error 

1188 

530.695 

Therefore,  negative  GCA  effects  reflect  lower  mean  het¬ 
erozygous  avoidance  scores  and  a  more  mutant  hetero¬ 
zygous  phenotype;  conversely,  positive  GCA  effects  re¬ 
flect  higher  than  average  mean  heterozygous  scores  and 
a  more  wild-type  phenotype.  This  variation  in  GCA 
among  the  smi  mutations  is  highly  significant  (P  < 
0.0001,  Table  3),  and  from  this  we  can  infer  that  all  the 
smi  mutations  are  not  completely  recessive. 

The  overall  mean  avoidance  score  of  the  transhetero¬ 
zygous  genotypes,  3.99  ±  0.08  (Table  1),  is  significantly 
higher  than  that  of  the  Sam;  strain,  3.65  ±  0.08 
(Anholt  et  al  1996).  Technically,  this  could  be  inter¬ 
preted  as  overdominance  for  olfactory  behavior.  How¬ 
ever,  the  selectable  visible  marker  used  in  this  system 
of  P-element  mutagenesis  is  and  there  is  a  concern 
that  this  marker  has  a  direct  effect  on  fitness  and  other 
quantitative  traits  relative  to  the  ry~  mutant  background 
of  the  control  strain  (Lyman  et  al  1996) .  For  this  reason, 
we  cannot  use  these  data  to  estimate  d,  the  value  of 
the  heterozygote  expressed  as  a  deviation  from  the  mean 
mutant  and  control  strain  value  (Falconer  and  Mackay 
1996)  for  each  smi  mutation.  However,  we  can  estimate 
the  average  degree  of  dominance  of  the  smi  mutations 
from  the  slope  of  the  regression  b  of  GCA  on  homozy¬ 
gous  avoidance  score  of  smi  mutations,  where  each  ho¬ 
mozygous  score  is  expressed  as  a  deviation  from  the 
overall  homozygous  mutant  mean.  The  estimate  of  the 
average  degree  of  dominance  kis  2{b  —  0.5)  (Mackay 
et  al  1992;  Lyman  et  al  1996),  where  k  ranges  from 
—  1  (completely  recessive  mutations)  through  0  (strict 
additivity)  to  1  (completely  dominant  mutations).  For 
these  data,  b  =  0.197  (0.01  <  P<  0.05)  and  k  =  -0.605. 
On  average,  the  smi  mutations  are  partially  recessive. 

The  SCA  of  a  pair  of  mutations  reflects  the  extent  to 
which  the  mean  avoidance  score  of  the  double  heterozy¬ 
gote,  expressed  as  a  deviation  from  the  mean  of  the 
total  population  of  heterozygous  genotypes,  departs 
from  that  expected  given  the  sum  of  the  GCAs  of  the 
two  mutant  parents.  Typically,  diallel  crosses  are  made 
among  inbred  lines  that  each  vary  at  a  number  of  loci 
affecting  the  measured  trait,  and  significant  5CA  effects 
can  only  be  attributed  to  nonadditive  interactions  in 
general,  including  dominance  and  epistasis  (Falconer 


Interactions  Between  smi  Loci 
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TABLE  4 

Estimates  of  specific  combining  abilities  of 
transheterozygous  smi  lines 


Parent  1 

Parent  2 

SCA 

P 

smi21F 

smi26D 

0.354 

0.009 

smi21F 

smi27E 

0.301 

0.026 

smi21F 

smi45E 

-0.474 

0.001 

smi21F 

smi97B 

-0.369 

0.006 

smi27E 

smi26D 

0.284 

0.036 

smi28E 

smi27E 

-0.319 

0.018 

smi51A 

smi97B 

0.275 

0.042 

smi61A 

smi60E 

-0.429 

0.002 

smi65A 

smi51A 

-0.296 

0.029 

and  Mackay  1996).  However,  in  this  experimental  de¬ 
sign  the  genetic  background  has  been  standardized, 
and  SCA  interactions  can  only  result  from  epistasis,  i.e,, 
variation  in  heterozygous  effects  of  a  smi  mutation  de¬ 
pending  on  the  genetic  background  with  respect  to 
other  smi  mutations. 

We  observed  highly  significant  SCA  effects  (P  =  0.0025, 
Table  3)  for  olfactory  avoidance  among  the  transhetero¬ 
zygote  genotypes.  This  observation  is  not  a  scale  effect. 
The  effect  of  SCA  was  also  highly  significant  if  log, 
square  root,  and  square  transformations  are  applied  to 
the  data  (data  not  shown) .  This  suggests  that  epistatic 
interactions  among  loci  affecting  olfactory  behavior  are 
very  common,  because  we  have  sampled  only  a  small 
fraction  of  the  total  number  of  possible  genotypes  at 
12  loci,  each  with  two  alleles  (66/1728  =  3.8%).  To 
determine  which  interacting  mutations  contributed  to 
the  overall  variation  in  SCA,  we  determined  for  which 
transhetero zygote  lines  5'CA  effects  are  significantly  dif¬ 
ferent  from  zero.  The  results  are  given  in  Table  4.  Nine 
transheterozygous  crosses  reveal  statistically  significant 
epistatic  interactions  between  smi  loci.  In  addition,  the 
smi98B/  smi60E  transhetero  zygote  has  an  SCA  value 
(—0.251)  that  is  nearly  formally  significant  (P=  0.063). 
In  five  of  the  nine  statistically  significant  cases,  the  differ¬ 
ence  between  the  observed  and  expected  avoidance 
scores  (5CA)  is  negative;  i.e.,  the  avoidance  response  of 
the  double  heterozygote  is  more  mutant  than  would  be 
expected  given  the  average  degrees  of  dominance  of 
both  parents.  In  four  cases,  the  SCA  estimates  were 
positive,  indicating  better  olfactory  responses  of  the  hy¬ 
brid  offspring  than  expected  from  the  average  heterozy¬ 
gous  effects  of  parental  mutations.  It  should  be  noted 
that  all  of  the  transheterozygotes  show  avoidance  scores 
within  wild-type  range,  i.e.,  complementation,  but  it  is 
the  quantitative  analysis  of  the  degree  of  complementa¬ 
tion  that  reveals  epistatic  effects.  The  negative  and  posi¬ 
tive  interactions  are  quantitative  genetic  analogues  of 
mutations  that  enhance  or  suppress,  respectively,  the 
effects  of  other  mutations  affecting  the  same  phenotype. 


sntiSSA 
© 

smiSlA 
© 

smi97B 
0 

0 

smi21F -  smi26D 

© 

smi27E 
0 

snu28E 

Figure  1. — Interaction  diagram  of  smi  loci.  The  0  and  © 
symbols  indicate  epistatic  effects  that  suppress  and  enhance 
the  homozygous  mutant  phenotype,  respectively.  Two  loci, 
smiSOE  and  smiSlA,  form  an  independent  pair  with  a  positive 
epistatic  effect  (not  shown). 


0 

sfm45E  - 


The  observed  epistatic  effects  are  quite  large;  the 
mean  of  the  absolute  values  of  significant  5CA  effects 
is  0.34.  This  value  is  of  the  same  magnitude  as  the  mean 
of  the  absolute  values  of  significant  GCA  effects  (0.23), 
and  is  one-half  of  the  environmental  standard  deviation. 
However,  it  is  clear  that  these  “large”  quantitative  effects 
are  very  subtle  in  absolute  terms  and  cannot  be  dis¬ 
cerned  without  quantitative  genetic  analysis  of  the  phe¬ 
notypes,  or  in  variable  genetic  backgrounds.  The  magni¬ 
tude  of  the  epistatic  effects  are  not  necessarily  correlated 
with  the  size  of  the  homozygous  mutant  effects,  smi 
loci  with  relatively  small  effects  on  olfactory  behavior  of 
homozygotes,  e.g.,  smi21E2ind  smi45E  (Anholt  et  al.  1996), 
produce  large  effects  in  double  heterozygous  progeny. 
We  cannot,  however,  determine  to  what  extent  each 
locus  of  an  interacting  pair  of  loci  contributes  to  the 
observed  epistatic  effect.  Furthermore,  we  do  not  know 
to  what  extent  the  PflArB]  insertion  limits  the  expression 
of  the  gene  it  affects.  We  predict,  therefore,  that  epistatic 
effects  will  be  stronger  in  double  heterozygotes  that  con¬ 
tain  null  mutations,  such  as  deletions,  at  the  smi  loci. 

The  pattern  of  interactions  observed  is  interesting. 
Of  the  12  smi  loci,  10  interact  with  at  least  one  other. 
Epistatic  interactions  between  eight  smi  loci  can  be  rep¬ 
resented  in  a  simple  interaction  diagram  (Figure  1). 
smi60E  and  smi61A  interact,  but  are  independent  of  the 
others.  It  is  possible  that  smi98B  interacts  with  smi60E 
(the  P  value  of  the  5CA  is  on  the  borderline  of  formal 
statistical  significance),  which  would  place  11  of  the 
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12  smi  genes  in  two  interacting  groups.  It  is  somewhat 
surprising  that  the  mutation  that  interacts  most  exten¬ 
sively  with  other  mutants,  smi2lF,  has  itself  very  weak 
homozygous  effects.  The  mutant  phenotype  of  this  gene 
is  only  apparent  at  a  low  concentration  of  benzaldehyde 
and  is  strongly  sexually  dimorphic  (only  females  display 
aberrant  olfactory  responses;  males  are  not  significantly 
different  from  wild  type)  (Anholt  et  al  1996).  Yet  it 
elicits  strong  interactions  in  transheterozygotes  with 
four  of  the  smi  mutations,  and  in  both  sexes. 

These  loci  represent  only  a  small  sample  of  the  genes 
that  affect  olfactory  behavior.  The  frequency  with  which 
smi  lines  were  detected  in  our  previous  P-element  muta¬ 
genesis  screen  indicated  that  ^4%  of  the  Drosophila 
genome  participates  in  shaping  odor-guided  behavior 
(Anholt  et  al  1996),  which  corresponds  to  a  conserva¬ 
tive  estimate  of  about  400  genes.  Most  likely,  the  ensem¬ 
ble  of  genes  illustrated  in  Figure  1  is  integrated  into 
a  more  extensive  network  of  interactions  within  the 
olfactory  subgenome.  Thus,  loci  that  appear  noninter¬ 
active,  Le.,  smi35A  and  (possibly)  smi98B,  and  loci  that 
interact  independently  of  the  larger  ensemble,  i.e., 
smi60E  and  smi61A,  may  prove  to  be  part  of  a  wider 
network  of  interacting  genes  once  more  olfactory  genes 
are  identified.  Such  extensive  epistatic  interactions  be¬ 
tween  5m  loci  indicate  that  they  form  a  complex  network 
of  genes  that  together  shape  odor-guided  behavior. 

In  recent  years,  other  investigators  have  identified 
olfactory  mutants  in  D.  melanogaster,  mostly  with  muta¬ 
tions  located  on  the  X  chromosome  (Vihtelic  et  al 
1993;  Woodard  et  al  1992;  Riesgo-Escovar  et  al  1995; 
Lilly  and  Carlson  1989;  Lilly  et  al  1994a, b),  but 
epistatic  interactions  among  them  and  their  effects  on 
phenotypic  variation  have  not  been  assessed.  Our  obser¬ 
vations  suggest  that  olfactory  genes  identified  on  the 
X  chromosome  might  also  interact  within  functional 
genetic  networks  and  these  possible  interactions  could 
also  include  the  5m  loci  described  here.  However,  differ¬ 
ent  genetic  backgrounds  may  render  the  detection  of 
such  epistatic  effects  more  difficult  than  detection  of 
epistasis  among  smi  genes  in  a  coisogenic  background. 

Because  each  of  the  smi  genes  used  in  this  study  is 
tagged  by  a  Pelement,  it  will,  in  principle,  be  possible  in 
future  studies  to  characterize  their  expression  products 
and  to  obtain  an  understanding  of  the  molecular  basis 
for  the  observed  genetic  interactions.  Moreover,  our 
ability  to  use  coisogenic  P[lArB]-insert\on  lines  for  the 
characterization  of  networks  of  interacting  genes  in  the 
olfactory  subgenome  will  enable  the  future  identifica¬ 
tion  of  new  olfactory  genes  by  virtue  of  epistatic  interac¬ 
tions  with  known  smi  genes.  Thus,  these  experiments 
pave  the  road  for  the  use  of  quantitative  genetic  analysis 
of  subtle  phenotypes  as  a  tool  for  targeted  gene  dis¬ 
covery. 
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